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Abstract. This study concentrates on the FACs distribution
for the varying northward and duskward interplanetary mag-
netic ﬁeld (IMF) conditions when the dipole tilt is nonzero.
A global MHD simulation (the Space Weather Modeling
Framework, SWMF) has been used to perform this study.
Hemispheric asymmetry of the time evolution of northward
IMF Bz (NBZ) FACs is found. As the IMF changes from
strictly northward to duskward, NBZ FACs shift counter-
clockwise in both summer and winter hemispheres. How-
ever, in the winter hemisphere, the counterclockwise rota-
tion prohibits the duskward NBZ FACs from evolving into
the midday R1 FACs. The midday R1 FACs seem to be an
intrusion of dawnside R1 FACs. In the summer hemisphere,
the NBZ FACs can evolve into the DPY FACs, consisting of
the midday R0 and R1 FACs, after the counterclockwise ro-
tation. The hemispheric asymmetry is due to the fact that
the dipole tilt favors more reconnection between the IMF
and the summer magnetosphere. When mapping the NBZ
and DPY FACs into the magnetosphere it is found that the
NBZ currents are located on both open and closed ﬁeld lines,
irrespective of the IMF direction. For the DPY FACs the
hemispheric asymmetry emerges: the midday R1 FACs and
a small part of R0 FACs are on closed ﬁeld lines in the win-
ter hemisphere, while a small part of the midday R1 FACs
and all the R0 FACs are on open ﬁeld lines in the summer
hemisphere. Both IMF By and dipole tilt cause the polar cap
hemispheric and local time asymmetric. When the IMF is
northward, the summer polar cap is closed on the nightside
while the winter polar cap is open. The polar cap boundary
tends to move equatorward as the IMF rotates from north-
ward to duskward, except in the summer hemisphere, the
polar cap on the dawnside shifts poleward when the clock
angle is less than 10◦. The further poleward displacement
of the polar cap boundary on one oval side is caused by the
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twist of the tail plasma sheet, which is in accordance with the
changing open ﬁeld lines topology in the magnetotail.
Keywords. Ionosphere (Ionosphere-magnetosphere interac-
tions; Electric ﬁelds and currents; Modeling and forecasting)
1 Introduction
When the interplanterary magnetic ﬁeld (IMF) is northward,
some interesting phenomena will occur at the high latitude
ionosphere, like the theta aurora (Frank et al., 1982), sun-
ward convection (Burke et al., 1979), and northward IMF
Bz (NBZ) ﬁeld-aligned currents (FACs) (Iijima et al., 1984).
The magnetic merging between the northward IMF and the
Earth’s magnetic ﬁelds at the high latitude is believed to be
associated with these ionospheric phenomena (e.g. Dungey,
1963; Clauer and Friis-Christensen, 1988; Fedder and Lyon,
1995; Øieroset et al., 1997). Many studies have investi-
gated the effects of IMF By, Bx and the Earth’s dipole tilt
on the dawn-dusk hemispheric asymmetries of the antiparal-
lel reconnection topologies (e.g. Crooker et al., 1985; Lyons,
1985; Crooker, 1992; Feldman et al., 1995; Lockwood and
Moen, 1999) and the associated ionospheric signatures (e.g.
Ogino et al., 1985; Reiff and Burch, 1985; Yamauchi et al.,
1993; Taguchi et al., 1994; Crooker et al., 1998; Tanaka,
1999; Le et al., 2002; Østgaard et al., 2003; Vennerstrom
et al., 2005; Park et al., 2006).
FACs play an important role in the processes of the elec-
tromagnetic energy coupling between the solar wind, mag-
netosphere, and ionosphere. Previous studies have revealed
several types of FACs (e.g. Iijima and Potemra, 1976; Iijima
et al., 1984). The NBZ FACs dominate in the polar cap
poleward of the Region 1 (R1) current region with an op-
posite sense of ﬂow direction to R1 (Iijima et al., 1984). A
cartoon of the typical distribution of NBZ and R1 FACs is
shown in Fig. 1. In the Northern Hemisphere, when IMF
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Fig. 1. Cartoon of the typical distribution of the NBZ and R1 FACs
for positive IMF Bz.
By>0 (<0) the duskside (dawnside) NBZ FACs are con-
ﬁned to a smaller region compared to the dawnside (dusk-
side), and vice versa in the Southern Hemisphere (Iijima
and Shibaji, 1987). When IMF By is dominant, a pair
of oppositely directed oval-aligned FACs are observed in
the noon sector (e.g. Iijima and Potemra, 1976; Wilhjelm
et al., 1978), termed DPY FACs in the literature (Clauer and
Friis-Christensen, 1988). In the Northern Hemisphere, when
By>0 (<0), the DPY FACs consist of currents ﬂowing into
(away from) the ionosphere at the poleward part and away
from (into) the ionosphere at the equatorward part. The more
poleward part of the DPY FAC is termed “cusp”, “mantel”,
or ”R0” current due to the different interpretation of source
regions and mechanisms (Iijima and Potemra, 1976, 1982;
Erlandson et al., 1988). We denote the poleward part of the
DPY FACs as midday R0 and the equatorward part as mid-
day R1 FACs in this study.
Despite the vast efforts of previous studies, the magneto-
spheric origins and the detailed conﬁgurations of NBZ and
DPY FACs, as well as their inherent relationship, are still not
clearly understood. The NBZ FACs have been interpreted in
terms of the antiparallel reconnection on ﬁeld lines tailward
of the dayside cusp, which are located on open ﬁeld lines
(Crooker, 1988). However, Vennerstrom et al. (2005) found
that the NBZ FACs and the dayside R1 FACs can be gener-
ated on both open and closed ﬁeld lines based on a model
simulation. Different points of view have also been proposed
concerning the DPY FACs. McDiarmid et al. (1979) pre-
sentedapicturethatthemiddayR1currentscorrespondtoR1
currents that are extended from the dawn (By>0) and dusk
(By<0) hours, presumably on closed geomagnetic ﬁeld lines
in the Northern Hemisphere. These results were obtained by
using the magnetic ﬁeld and particle data from the ISIS 2
satellite. They speculated that the midday R1 current is ac-
companied by magnetosheath-like cleft particles suggesting
an ionospheric mapping of the low-latitude boundary layer
(LLBL) (Potemra et al., 1987). This point of view was sup-
ported by Friis-Christensen et al. (1985) by using ground
based magnetometer observations. Erlandson et al. (1988),
using simultaneous particle and magnetic ﬁeld data acquired
with the Viking satellite, suggested that a portion of the mid-
day R1 FACs is mapped to the entry layer and is associated
with the cleft particle precipitation. Whereas the midday
R0 FACs is mapped to the plasma mantle and is associated
with plasma mantle precipitation. As a uniﬁed picture of the
R1 current, they also suggested that the equatorward current
sheet is an extension of the dawnside or duskside R1 cur-
rent across noon, depending on the IMF By polarity. These
studies (e.g. McDiarmid et al., 1979; Friis-Christensen et al.,
1985; Erlandson et al., 1988) all concluded that the midday
R1 current is an intrusion of dawnside or duskside R1 cur-
rents. In summary, the midday R1 current is mostly, but
not entirely, located on closed magnetic ﬁeld lines, while the
midday R0 FACs is on open magnetic ﬁeld lines.
However, Taguchi et al. (1993), using the magnetic ﬁeld
and electron data from DE 2 satellite, advocated a model that
both midday R1 and R0 FACs reside on open geomagnetic
ﬁeld lines and can be discriminated from the R1/R2 current
system in the morning and evening sector that are located
mostly on closed geomagnetic ﬁeld lines. Mei et al. (1994)
developed a self-consistent cusp current model from iono-
spheric sources according to Ohm’s law, by mapping the so-
lar wind electric ﬁeld to only a limited area of the polar cap
around the cusp. They showed that the cusp FACs originate
from the poleward edges of cusp/cleft regions in the northern
and southern magnetosphere and are located on open ﬁeld
lines. Yamauchi et al. (1993) proposed nearly the same idea
as that by Taguchi et al. (1993) except that the source of the
closed magnetic ﬁeld line region also contributes to the mid-
day R1 FACs. From the imbalance of current intensities be-
tween midday R0 and R1 FACs, there is an excess of R0
FACs intensity over that of midday R1 FACs for many cases,
Watanabe et al. (1996) found by using DMSP particle and
magnetic ﬁeld data that the midday R1 consists of two dis-
tinctive parts: one associated with the cusp/mantle region,
presumably on open magnetic ﬁeld lines, and the other asso-
ciated with the cleft/outer plasma sheet. Thus, there remains
some conﬂicts over the source region of the midday R1 and
R0 FACs. One of the main purpose of this paper is to pro-
vide an integrated picture of the FAC system when the IMF
changes from northward to duskward, thereby attempting to
clarify the magnetospheric sources of NBZ and DPY FACs.
In contrast to the accepted classiﬁcation scheme of NBZ
and DPY FACs as distinct systems, some studies suggested
that the two DPY FACs can rotate to form the two NBZ
FACs as the IMF rotates from dawnward to strongly north-
ward, which was demonstrated by Fedder et al. (1997) with
both a global numerical simulation and satellite (Polar) ob-
servations. Vennerstrom et al. (2002) and Vennerstrom et al.
Ann. Geophys., 26, 1461–1477, 2008 www.ann-geophys.net/26/1461/2008/H. Wang et al.: Simulation of FACs 1463
(2005) also found that NBZ FACs can evolve into DPY,
as the IMF rotates from northward to duskward, based on
Ørsted magnetic ﬁeld observations and open GGCM (Global
Geospace Coupling Model) simulations. These studies ar-
gued that the major physical differences between the NBZ
and DPY current systems are the magnetic geometry created
by the merging process as IMF rotates about the GSM X axis
(Fedder et al., 1997). It is interesting to note that these con-
clusions were all drawn from event studies at equinox when
the Earth’s dipole tilt is nearly zero. These authors sug-
gested that examinations of the effects caused by a dipole
tilt are necessary. When a nonzero dipole tilt is considered,
the hemispheric symmetry is broken, and reconnection will
not occur simultaneously and symmetrically at the northern
and southern lobes (Crooker, 1992). The magnetic geometry
will be greatly altered, which is expected to affect the FACs
distribution patterns.
Compared to spatially limited satellite and ground ob-
servations, MHD simulations have the advantage that the
whole magnetosphere-ionosphere system can be described
simultaneously and self-consistently. Using the Space
Weather Modeling Framework (SWMF) magnetohydrody-
namic (MHD) model developed by the University of Michi-
gan’s Center for Space Environment Modeling (CSEM), this
work investigates the evolution of FAC systems in both iono-
sphere and magnetosphere when IMF Bz is rotated slowly
from northward to duskward. This model study differs from
previous work (e.g. Vennerstrom et al., 2005) mainly in that
we include the effect of nonzero dipole tilt. When the dipole
is tilted and IMF By and Bz components are all nonzero,
the magnetosphere is totally asymmetric so that the entire
magnetosphere has to be modelled and treated in three-
dimensions.
The SWMF model will not be detailed here since it is fully
described elsewhere (e.g. T´ oth et al., 2005). The SWMF
has the ability to couple numerical domain models ﬂexibly
and efﬁciently, including models of the solar corona, the he-
liosphere, the magnetosphere, ionosphere and thermosphere.
This framework enables simulations that were not possible
with the individual physics models and it is possible to run it
in almost real time on large computer systems. The SWMF
used in this work includes the BATSRUS model to simulate
the magnetosphere of the Earth (Powell et al., 1999), RCM to
simulate the Inner Magnetosphere domain (Toffoletto et al.,
2003), and the model by Ridley et al. (2004) to describe the
ionospheric electrodynamics. Various papers have described
these separate domain models and the results of the cou-
pled simulations that can be achieved utilizing these models
(e.g. De Zeeuw et al., 2004; T´ oth et al., 2007; Wang et al.,
2008a). By comparing the SWMF with CHAMP magnetic
ﬁeld observations, it is found that the SWMF can reproduce
the structure of FACs rather well (Wang et al., 2008b).
2 Model results
The input solar wind and IMF paramters at the upstream
boundary of the code (+32Re) are as following: the solar
wind velocity (vxsw) is −400km/s, the number density (n) is
7cm−3. At the beginning of the run Bz=10nT, and By=0nT.
Bz and By are then linearly changed to 0 and 10nT, respec-
tively, in two hours. The IMF Bx is kept at zero through-
out the run and all the other parameters are kept unchanged.
Instead of zero dipole tilt angle, we make the dipole tilt an-
gle in the Northern Hemisphere 30◦ tilted away from the sun
(i.e. north winter). The Earth is hold steady and the dipole
does not rotate during the time of run. The dipole tilt angle
is deﬁned as the angle between the Earth’s northern dipole
axis and the GSM Z axis. The simulation is initiated with
100min of strictly northward IMF. Then the start time of the
simulation after the initiation run is refered to as UT (univer-
sal time)=0.
2.1 Ionospheric reconﬁguration time
For the determination of the time delay from the upstream
boundary to the magnetosphere and ionopshere, Fig. 2 shows
the time evolution of the IMF clock angle, deﬁned as
arctan(By/Bz), at the upstream boundary and magnetopause,
as well as the cross polar cap potential (CPCP) in both hemi-
spheres. From the left ﬁgure, it can be seen there is about
10min time delay from the upstream boundary (32RE) to
the magnetopause. In the Northern Hemisphere there are no
changes that can be seen in the CPCP distributions in the ﬁrst
20min, thus, there is about 10min time delay can be consid-
ered for the propagation of changes from the magnetopause
to the ionosphere. In the Southern Hemisphere, there is a
small reduction of the CPCP at 00:15UT, then followed by
a gradual enhancement at 00:30UT, suggesting that the re-
sponse time in the Southern Hemisphere is 5min earlier than
that in the Northern Hemisphere, but the reconﬁguration time
is 10min later than in the Northern Hemisphere. The cause
of this initial reduction in the Southern Hemisphere is un-
clear. In general, we conclude the time delay from the mag-
netopause for the development of the ionosphere is about 10–
20min.
2.2 FACs in the ionosphere
2.2.1 Morphology of FACs
The evolution of ionospheric FACs in the frame of magnetic
latitude (MLat) and magnetic local time (MLT) as the IMF
slowly rotates from northward toward duskward is shown
in Figs. 3 (Northern Hemisphere) and 4 (Southern Hemi-
sphere). The times UT, is shown on the upper left of each
polar plot from 00:10UT to 03:00UT in 10-min increments.
Upward currents are yellow and orange and downward are
blue. The maximum and minimum values of FAC densities
are shown at the bottom of each polar plot. The locations of
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Fig. 2. The left column shows the time evolution of the clock angle deﬁned as atan(By/Bz). Red line denotes the IMF clock angle at the
32RE, blue denotes the IMF clock angle arriving at the magnetopause, green denotes that of the red line delayed by 10min. The middle and
right columns show the time evolution of the cross polar cap potential in the Northern and Southern Hemispheres. The vertical dashed line
indicates 20 (15)min after 00:00UT in the Northern (Southern) Hemisphere.
the open-closed ﬁeld boundary derived for eight MLT merid-
ians are shown as asterisks, which will be discussed in the
next section.
In Fig. 3, when the IMF is strictly northward, a four cell
FAC pattern is observed at high latitude. The NBZ FACs
are upward on the dawnside and downward on the duskside,
while the R1 FACs are downward on the dawnside and up-
ward on the duskside. As the IMF slowly rotates, the dawn-
side R1 and NBZ FACs gradually increase in both intensity
and size, while the duskside NBZ FACs and R1 current de-
crease in both intensity and size.
As the IMF rotates toward duskward (e.g. the clock angle
changes from 0◦ to 90◦), the former dawnside NBZ FACs
shift counterclockwise. Around 01:30UT, the dawnside
NBZ FACs have evolved into an upward midday R0 current
centering around noon, while the dawnside R1 FACs have
extended into the noon region to form the midday R1 FACs.
Afterthat, theupwardNBZFACscontinuouslyandsmoothly
expand towards the dusk and become indistinguishable from
the duskside R1 FACs. The upward NBZ FACs dominate
most of the polar cap on the dayside. The duskside NBZ
FACs gradually shift counterclockwise along the longitudi-
nal meridian towards midnight. Around 01:10UT, the dusk-
side NBZ currents merge with the dawnside R1 FACs. From
the above analysis it can be seen that it is not the duskside
NBZ FACs, but the dawnside R1 FACs that become the mid-
day R1 FACs, contradicting previous results (e.g. Venner-
strom et al., 2005). Around 01:10–01:20UT, a weak down-
ward current sheet appears on the duskside. From the ﬂow
direction it can be identiﬁed as the R2 FACs. These R2
FACs are associated with the enhancement of plasma pres-
sure, which will be discussed in Sect. 3.3. As the IMF By
intensiﬁes, the R2 FACs intensify and expand in longitude
with the center shift towards the premidnight. At 02:50UT
a weak R2 upward FACs also appears in the early morning
sector.
When examining the FACs in the Southern Hemisphere
there are several differences from the pattern in the North-
ern Hemisphere: (1) the duskside R1 and NBZ currents
strengthen and expand in size while the dawnside R1 and
NBZ currents shrink and diminish, which is a mirror im-
age of the Northern Hemisphere with respect to the noon-
midnight meridian; (2) the former duskside NBZ FACs rotate
counterclockwise across midnight toward dawn and merge
with the dawnside R1 FAC. This downward NBZ FACs dom-
inate most of the polar cap on the nightside. It is interesting
that the dawnside R1 FACs split into two parts, with one ex-
tending into midnight to merge with the duskside NBZ FACs
and the other remains at the same place. Around 01:20 UT,
this residual FAC also merges with the duskside NBZ FACs;
(3) the former dawnside NBZ FACs rotate counterclockwise
across the noon towards dusk and eventually become indis-
tinguishable from the duskside R1 FACs around 00:50UT.
Thus, the two NBZ FACs rotate to form the two DPY FACs,
which is consistent with previous results (e.g. Vennerstrom
et al., 2005). Similar to the Northern Hemisphere, R2 FACs
appear at the more equatorward latitudes when IMF varies
from purely northward to duskward.
2.2.2 The variation of FACs with the clock angle
It seems that FACs densities are strongly sensitive to changes
in the clock angle. Figure 5 shows the variation of the peak
densities of the dominant NBZ and R1 FACs on the dawnside
(duskside) in the Northern (Southern) Hemisphere as a func-
tion of the IMF clock angle, which has been 10 (20)min time
delayed from the magnetopause to the ionosphere. The NBZ
and R1 FACs on the duskside (dawnside) in the Northern
(Southern) Hemisphere are not shown because they decrease
in intensity, merge with the dominant R1 and NBZ FACs and
become indistinguishable.
Both NBZ and R1 FACs densities are enhanced as the
clock angle increases. In the Northern (Southern) Hemi-
sphere the peak densities of the NBZ FACs under duskward
IMF (clock angle = 90◦) are about 3.5 (4) times larger than
those under northward IMF (clock angle = 0◦). The ratio
of the FAC densities between summer and winter (i.e. south
and north) is shown in the right panel of Fig. 5. The sum-
mer/winter (i.e. south/north) ratio for NBZ FACs is 1.5∼1.8,
which is larger than that (1∼1.5) for R1 FACs.
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Fig. 3. Field-aligned currents (µA/m2) in the Northern (i.e. winter) Hemisphere under varying northward and duskward IMF. The color
coding shows the ﬁeld-aligned current densities and the contours indicates the equal current density. The asterisks mark the open/closed ﬁeld
line boundary.
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Fig. 4. Field-aligned currents (µA/m2) in the Southern (i.e. summer) Hemisphere under varying northward and duskward IMF. The color
coding shows the ﬁeld-aligned current densities and the contours indicate equal current density. The asterisks mark the open/closed ﬁeld line
boundary.
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Hemisphere. Red is for NBZ FACs and black is for R1 FACs. Right are the ratios between FACs densities in the Southern Hemisphere and
those in the Northern Hemisphere (summer/winter).
The MLT and MLat positions where the the dominant
NBZ and R1 FACs peak in density are shown in Fig. 6. As
the IMF varies, the center of the winter (i.e. north) NBZ
FACs rotates across noon from 06:00MLT to 15:00MLT
with the MLat ﬂuctuate a little around 83◦ MLat. The cen-
ter of summer (i.e. south) NBZ FACs shifts across midnight
from 16:00MLT to 05:00MLT and moves ﬁrstly poleward
to ∼88◦ MLat then equatorward to 82◦ MLat. The summer
NBZ FACs are centered at relatively higher latitudes than the
winter NBZ FACs during most of the period with the largest
displacement of 4◦ in MLat when the clock angle=55◦ and
both NBZ FACs are centered around noon. Different from
NBZ FACs, the peak R1 FACs in both hemispheres do not
change signiﬁcantly in locations. They remain on the dawn-
side (duskside) at ∼±73◦ MLat in both hemispheres.
2.3 Polar cap boundary
In order to determine whether the NBZ and DPY FACs orig-
inate on open or closed ﬁeld-lines, the ﬁeld lines between
60◦ and 90◦ MLat are mapped in 1◦ by 4h bins from the
ionosphere to the magnetosphere. The ﬁrst open ﬁeld line
(i.e. does not map to the opposite hemisphere) is recorded.
The locations of the open-close ﬁeld boundary derived for
the mapping in both hemispheres are marked by asterisks in
Figs. 3 and 4. At the beginning (i.e. under the northward IMF
condition) it is interesting to note that the Sorthern Hemi-
sphere has a closed polar cap on the nightside while the north
polar cap is open in that local time sector. As the IMF ro-
tates, both polar caps grow in size, with the northern polar
cap displacing towards the dawnside and the southern polar
cap moving towards the duskside, exhibiting a local time and
hemispheric asymmetry. The NBZ FACs are found to be lo-
cated on both open and closed ﬁeld lines. The midday R1
FACs and a small part of R0 FACs are on closed ﬁeld lines in
the Northern Hemisphere (i.e. winter), while a small part of
the midday R1 FACs and all the R0 FACs are on open ﬁeld
lines in the Southern Hemisphere (i.e. summer).
The polar cap boundary is also sensitive to the changes
in the IMF clock angle. The upper row of Fig. 7 shows the
latitudes of polar cap boundary in the noon, midnight, dawn,
and dusk sectors in both hemispheres as a function of the
clock angle. The boundaries move equatorward in all four
MLT sectors, as IMF rotates from northward to duskward
(i.e. the clock angle increases), except at the dawnside in the
Southern Hemisphere, there is a poleward shift of the polar
cap when the clock angle <10◦.
At the bottom of Fig. 7 the left panel shows the dawn-
dusk and noon-midnight differences of the latitudinal posi-
tion of the polar cap boundary separately for the Northern
and Southern Hemispheres. If the open closed ﬁeld line
boundary is at a lower latitude at dawn than at dusk, the
difference in latitude is then negative. In the north the oval
boundary is displaced towards higher latitudes in the noon
and dusk sectors, while in the south the polar cap is dis-
placed towards higher latitudes in the midnight and dawn
sectors. It is interesting to notice that when the IMF Bz is
purely northward, the noon-midnight asymmetry surmounts
the dawn-dusk asymmetry, which is more obvious in the
summer (i.e. southern) hemisphere. But as IMF By increases
in intensity, the dawn-dusk asymmetry increases while the
noon-midnight asymmetry decreases. Further, the changes
proceed more rapid in the summer (southern) than in the win-
ter (northern) hemisphere.
The right panel at the bottom of Fig. 7 shows the hemi-
spheric (south-north) asymmetries of the polar cap boundary
in the noon, midnight, dawn, and dusk meridians. In general,
the hemispheric latitudinal displacement is enhanced on both
the dawn and dusk sectors. It keeps almost unchanged in the
noon sector with the winter polar cap boundary 2◦ further
poleward of the summer polar cap. The hemispheric lati-
tudinal displacement decreases dramatically in the midnight
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Fig. 7. Shift of the polar cap boundary with the changing clock angle. The top two panels show the time evolution of the open-close ﬁeld line
boundary in the noon, midnight, dawn, and dusk sectors in both hemispheres. Bottom left shows the local time difference of the open-closed
boundary in the Northern and Southern Hemisphere. Solid lines are used for Northern Hemisphere conditions and dashed lines the Southern
Hemisphere. The black line shows the dawn-dusk differences and red the noon-midnight differences. Bottom right shows the hemispheric
latitude difference (summer–winter) of the open-close ﬁeld line boundary in the noon, midnight, dawn, and dusk sectors as a function of the
clock angle.
sector. The summer polar cap boundary is 12◦ more pole-
ward than the winter when the clock angle = 0◦, then de-
crease to zero when the clock angle = 65◦.
3 Interpretation of the results
3.1 Time delay
The model shows that the ionosphere reconﬁguration time
is about 10–20min after the IMF encounters the magne-
topause. This is quite comparable to previous observation
results that for the development of the FACs from the magne-
topause to the ionosphere an average delay of 15–22min has
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been considered (Clauer and Friis-Christensen, 1988; Ven-
nerstrom et al., 2002; Kabin et al., 2003). The model results
also indicate that it takes a little longer for the south (i.e.
summer) than the north (i.e. winter) hemisphere to complete
the transition. The cause accounts for this hemispheric dif-
ference might be the deviation of the magnetic dipole from
the GSM Z axis.
3.2 FACs density and location
This simulation study gives a detailed conﬁguration of NBZ
and DPY FACs, which are quite comparable to previous ob-
servations. The dominant NBZ and R1 FACs increase in in-
tensity as the clock angle increases, which is consistent with
observations that the NBZ FACs are greatly enhanced when
IMF By becomes nonzero (Potemra et al., 1984). The model
NBZ and R1 FACs are in general less than 0.2µA/m2, which
is lower than the observed quiet value (∼0.5µA/m2) (e.g.
Wang et al., 2005). The underestimation of the ionospheric
current densities has been reported previously, which is due
to the low resolution of the model (Ridley et al., 2001; Wang
et al., 2008b). The summer NBZ and R1 FACs are larger in
intensity than the winter, which is consistent with observa-
tions and has been explained by either the seasonal effects in
ionospheric conductivity (Ridley et al., 2004) or the dipole
tilt angle favoring more reconnection between the IMF and
the summer hemisphere than the winter hemisphere (Zanetti
et al., 1982). Future work will use the model to differenti-
ate the relative importance of these two effects. The sum-
mer/winter differences of the NBZ and R1 FACs are 1.5∼1.8
and 1∼1.5, respectively, which are comparable to previous
statistical results that the difference between the summer
FACs and winter FACs is around 1.5∼2 (e.g. Wang et al.,
2005). The summer cusp FACs are centered at higher lati-
tudes than the winter. Previous studies have suggested that
the cusp moves about 1◦ poleward for each 14◦ increase in
the dipole tilt angle (Zhou et al., 1999). Wang et al. (2005)
also found that the dayside FACs are located at higher lati-
tude in daylight than in darkness.
3.3 FACs source region
As we have addressed in the introduction, there are a lot of
disputes about whether the NBZ and DPY FACs originate on
open or closed ﬁeld lines. Our model results show that NBZ
FACs originate on both closed and open ﬁeld lines, which
is consistent with previous model results (e.g. Vennerstrom
et al., 2005). In addition, the origins of DPY FACs exhibit
hemispheric asymmetry. The midday R1 FACs in the winter
(i.e. north) hemisphere are on closed ﬁeld lines while those
in the summer (i.e. south) hemisphere are on both open and
closed ﬁeld lines. A small part of R0 FACs are on closed ﬁeld
lines in the winter hemisphere, while all the R0 FACs are on
open ﬁeld lines in the summer hemisphere. This hemispheric
discrepancy has never been addressed before.
Determining the source region for the FACs will help un-
derstand the physical processes that are associated with the
excitation of the current systems. Therefore, Fig. 8 shows
color coded FACs strength in the magnetosphere in the noon-
midnight meridian plane together with the streamlines of
magnetic ﬁeld connecting to the ionosphere. Positive val-
ues (red) denote FACs ﬂowing parallel to the magnetic ﬁeld
and negative (blue) denotes antiparallel FACs. The left panel
is for purely northward IMF and right for purely duskward
IMF. In the left panel of Fig. 8, the upward NBZ FACs in
both hemispheres can be clearly distinguished. The upward
NBZ FACs (blue) in the Northern Hemisphere map magneti-
callytoﬁeldlinesinboththetaillobeandLLBLregionofthe
magnetosphere, that is, both on open and closed ﬁeld lines.
In the Southern Hemisphere, the upward NBZ FACs (red)
map to the magnetic lobe regions overdraping on the dayside
of the magnetosphere and also to the plasma sheet on the
nightside. The shear and rotation of these ﬁeld lines are the
source of the NBZ FACs, which is consistent with previous
results (Iijima et al., 1984; Vennerstrom et al., 2005). In the
right panel the midday R1 and R0 FACs are shown clearly in
both hemispheres. In the Northern Hemisphere, the upward
midday R0 FACs (blue) are located on both open and closed
ﬁeld lines, while the downward midday R1 FACs (red) are
located on closed ﬁeld lines on the dayside of the magneto-
sphere. In the Southern Hemisphere, the downward midday
R0 FACs (blue) are located on open ﬁeld lines draping tail-
ward while the upward midday R1 FACs (red) are located on
both open and closed ﬁeld lines on the dayside of the mag-
netosphere. The southern open ﬁeld lines shift duskward and
the northern open ﬁeld lines shift dawnward in accordance to
the IMF direction.
Since the dominant process responsible for R1 FACs is
the ﬁeld-aligned vorticity, and that of R2 FACs is the pres-
sure gradient (Sato and Iijima, 1979; Ogino et al., 1986), in
Fig. 9, we have plotted the plasma pressure and ﬁeld-aligned
vorticity in the equatorial plane (Z=0) when the clock an-
gle = 0◦ and 90◦. The ﬁeld-aligned vorticity is deﬁned as
(O×v)·B/|B|, v istheconvectionvelocity, B isthemagnetic
ﬁeld. Under northward IMF the strong pressure can be found
on the dayside at a distance 10–15RE, which is associated
with the dayside cusp. Under duskward IMF another strong
pressure appears on the nightside at X=−5RE with the cen-
ter shifts towards premidnight. When mapping the pres-
sure into the ionosphere, it centers around 65◦ MLat, which
corrsponds well to R2 FACs locations. During northward
IMF (t=00:00UT), there are two groups of strong vortici-
ties located symmetrically on the dawn and duskside, which
are associated with the dawn and dusk R1 currents. During
duskward IMF (03:00UT), the vorticity become more con-
centrated while the centers do not change too much in loca-
tions, which is consistent with the fact that the peak R1 FACs
in both hemispheres do not change signiﬁcantly in locations
(see Fig. 6).
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Fig. 8. Field line topology in the noon and midnight local time sectors at 5◦ MLat intervals in the magnetosphere at 00:00UT and 03:00UT.
The background color coding shows the ﬁeld-aligned current densities (mA/m2) in the noon-midnight meridian plane. Positive (red) denotes
parallel to the magnetic ﬁeld and negative (blue) antiparallel currents.
3.4 Magnetic reconnection
The simulation study shows the inherent relationship be-
tween NBZ and DPY FACs. It shows that NBZ FACs can not
evolve into DPY FACs in the Northern (e.g. winter) Hemi-
sphere while it can evolve into DPY FACs in the Southern
(e.g. summer) Hemisphere. This hemispheric discrepancy
has never been addressed in the literature. Previous stud-
ies (e.g. Fedder and Lyon, 1995; Vennerstrom et al., 2002;
Vennerstrom et al., 2005) have shown that NBZ FACs can
evolve into DPY FACs during equinox seasons, but no ex-
plicit explanations have been given. We believe, however, it
is associated with the place where the magnetospheric merg-
ing occurs. The site of magnetic reconnection between the
IMF and the dayside magnetosphere is dependent on the
orientation of the IMF (Dungey, 1963). Due to the dipole
tilt, the high-latitude reconnection shows a strongly inter-
hemispheric asymmetry, favoring the summer hemisphere
(Crooker, 1992).
Two reconnection sites can be identiﬁed in the left panel
of Fig. 8, by those kinked ﬁeld lines in both polar regions.
This reconnection topology is quite similar to the merging
pattern in Fig. 1b of Crooker (1992). Due to the dipole
tilt, the northward IMF merges with a closed magnetic ﬁeld
line in the Southern Hemisphere, forming open ﬁeld lines
in each hemisphere. The open ﬁeld lines from the South-
ern Hemisphere are sharply bent forward while those from
the Northern Hemisphere are overdraped tailward. The mag-
netopause merging site lies on the closed ﬁeld lines on the
nightside rather than on the dayside because the tail lobe
drapes over the dayside rather than the nightside (Crooker,
1992). The open ﬁeld lines in both hemispheres move to-
gether with the solar wind towards the magnetotail. Some
time later the overdraped ﬁeld lines from the summer (e.g.
south) hemisphere reconnect with previously opened ﬁeld
lines from the winter (i.e. north) hemisphere on the dayside,
forming closed ﬁeld lines on the dayside and completely de-
tached ﬁeld lines. The magnetopause reconnection site lies
on closed ﬁeld lines on the dayside rather than on the night-
side because the tail lobe drapes over the nightside rather
than the dayside (Crooker, 1992). The reconnection process
at the two cusps does not take place on the same ﬂux tube and
the reconnection rates are not the same at the two cusps with
thesouthernbeinglargerthanthenorthern. Thereasonisthat
the dipole tilt angle breaks the north-south symmetry. This
is consistent with previous observations that the enhanced
emission intensity of the aurora seems to occur predomi-
nantly when the hemisphere is tilted more towards the sun.
Since the aurora during the northward IMF is a signature of
high-latitude reconnection, this means that the enhanced re-
connection occurs in the favored hemisphere (Øieroset et al.,
1997). We term the merging between the IMF and the closed
ﬁeld line of the earth as magnetic merging, Em while the
merging between the open ﬁeld lines of the earth as magnetic
reconnection, Er, in the following.
As the IMF rotates duskward, the merging site of Em will
shift towards the dawnside in the Southern Hemisphere and
the reconnection site of Er to the duskside in the Northern
Hemisphere. Figure 10 shows the merging site of Em as IMF
changes in direction. The terrestrial closed ﬁeld lines are
shown with the reconnecting IMF and closed ﬁeld line color
indicated. The upper row is viewing from the dawnside and
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the bottom row from the sun. The merging site can be found
on the nightside as seen from the upper panels, and shift to-
wards dawn as IMF rotates from northward to duskward as
seen from left to right at the bottom panels.
The counterclockwise rotation of NBZ FACs can be ex-
plained by the variations of merging and reconnection sites
with the IMF rotation. For simplicity, Fig. 11 depicts
schematically a cartoon of the ionospheric NBZ FACs (blue
ovals) and sunward convection associated with the mapping
Em and Er. Left is in the northern polar cap and right in the
southern polar cap. The Em can map on the nightside into
the summer (south) ionosphere, not into the winter (north)
ionosphere because of the long distance to the north polar
ionosphere (Crooker, 1992). As seen in the top right panel of
Fig. 11, the Em drives sunward convection on the nightside
in the south polar cap. The two NBZ FACs are quite sym-
metric with respect to the noon-midnight meridian. The re-
connection electric ﬁeld Er maps to the dayside in the winter
(north) polar cap, as shown in the top left panel, pulling the
reverse convection and making NBZ FACs symmetric with
respect to the noon-midnight meridian.
When the IMF rotates from northward to duskward, the
merging sites shift to the dawnside in the Southern Hemi-
sphere and the reconnection site to the duskside in the North-
ern Hemisphere. Therefore, the electric ﬁelds map to post-
midnight inthe summerhemisphere andpostnoon in the win-
ter hemisphere, as seen at the bottom two panels in Fig. 11.
These make the plasma drift in sunward-duskward direction
in both the summer and winter hemispheres. In addition, the
two NBZ FACs rotate counterclockwise in both hemispheres
with one of them shrinking in size and the other dominat-
ing most of the dayside (nightside) of the north (south) polar
cap. Thus, in the summer (i.e. south) hemisphere, both NBZ
FACs can evolve into DPY FACs (i.e. the midday R0 and R1
FACs) in the midday sector. But in the winter hemisphere,
the shrinking NBZ FACs can not evolve into the midday R1
FACs since it shifts towards nightside of the polar cap.
If the dipole tilt is zero (i.e. around equinox), as investi-
gated in previous studies (e.g. Feldman et al., 1995; Venner-
strom et al., 2002; Vennerstrom et al., 2005), the IMF will
merge with the Earth’s magnetic ﬁeld in both hemispheres
simultaneously and symmetrically, and the merging electric
ﬁeld, Em, will be mapped to the nightside in both hemi-
spheres. When a duskward IMF is introduced, the merging
sites will move to the dusk (dawn) sector in the Northern
(Southern) Hemisphere, thus making the two NBZ FACs ro-
tateclockwiseintheNorthernHemisphereandcounterclock-
wise in the Southern Hemisphere. This conﬁguration causes
the NBZ FACs to rotate into the DPY FACs in both hemi-
spheres.
Finallywemayconcludethatthedipoletilthasgreateffect
on the evolution of FACs patterns by inﬂuencing the merging
sites in the magnetosphere. Nearly all aspects of the topol-
ogy can be achieved if the dipole tilt is replaced by a super-
position of a ﬁnite IMF Bx component (Lyons, 1985). Both
Fig. 9. Cross sectional panels in the Z=0 plane of the plasma pres-
sure (upper panel) and ﬁeld-aligned vorticity (bottom panel). The
left is at 00:00UT and the right at 03:00UT.
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Fig. 10. The site of merging between the IMF (yellow line) and the earth’s magnetic ﬁeld (blue line) for three UT times. Only the closed
ﬁeld lines of the Earth are shown. The upper row is seen from the dawnside and the bottom from the sun.
positive IMF Bx and negative dipole tilt favor more merg-
ing between the IMF and the south magnetosphere (Crooker,
1992).
3.5 Polar cap boundary and plasma sheet
As the IMF rotates from northward to duskward, both po-
lar caps grow in size, with the northern polar cap displacing
towards the dawnside and the southern polar cap moving to-
wards the duskside, exhibiting a local time and hemispheric
asymmetry. The hemispheric difference of the open/closed
polar cap boundary on the nightside can reach 12◦, while
previous studies reported that changing the dipole tilt angle
by 35◦ results only in 1–2◦ latitude change in the open/closed
boundary (Kabin et al., 2004). However, their studies have
not considered events under the northward IMF condition.
When the clock angle >65◦, the midnight polar caps are at
the same latitudes in the Northern as in the Southern Hemi-
sphere, which deviates from previous studies stating that the
summer polar cap in the midnight is located at higher latitude
than the winter (Kabin et al., 2004). The summer polar cap
around noon is in general located at lower latitude than the
winter polar cap, which is consistent with previous results
showing that the winter open/closed polar cap boundary is
located at higher latitudes than in the summer on the dayside
(Kabin et al., 2004).
When the IMF is northward, the summer polar cap is
closed on the nightside while the winter polar cap is open. In
the summer hemisphere, the polar cap on the dawnside shift
poleward when the clock angle is less than 10◦. It is known
that the mapping from the tail plasma sheet to the ionosphere
gives qualitatively the form of the auroral oval (e.g. Kullen
and Janhunen, 2004; Nishida et al., 1998). Therefore, the
further poleward displacement of the open/closed polar cap
boundary in one oval is expected to be caused by a twist of
the tail plasma sheet. The twisted plasma sheet is expected
to be shaped by the twist of the northern and the southern
open ﬁeld lines. To understand how the twist of the open
ﬁeld lines causes the twisted plasma sheet, Fig. 12 shows
the plasma pressure within cross session of the tail at X =
−10RE, as well as the newly created open ﬁeld lines due
to the reconnection with the IMF in both hemispheres. Red
lines denote those connect to the Northern Hemisphere and
black to the Southern Hemisphere. The open ﬁeld lines cross
the X=−10RE plane three times. The end part of the open
ﬁeld lines is in the IMF direction, as seen from those ﬁeld
lines sticking out of the Y-Z plane at the top and bottom.
The blue regions (low plasma pressure) in both hemispheres
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Fig. 11. NBZ FACs, convection velocity associated with the mapped merging (Em) and reconnected electric ﬁeld (Er). The top two
panels are for purely northward IMF, and the bottom two panels are for northward and duskward IMF. The left column is in the Northern
Hemisphere and the right is in the Southern Hemisphere. The two blue ovals mark the area of NBZ FACs. The dashed arrow line denotes
the convection velocity and the real arrow line denotes the merging and reconnection electric ﬁeld.
indicate the lobes while the red regions (high plasma pres-
sure) in between the lobe regions indicates the plasma sheet.
Under northward IMF, newly created opened ﬁeld lines
are symmetric with respect to the noon-midnight meridian (Z
axis), but asymmetric with respect to the dawn-dusk merid-
ian (Y axis). The plasma sheet extends more to the south
lobe region. This makes the closed polar cap on the night-
side in the south pole. The closed polar cap on the nightside
may be associated with the theta aurora (Frank et al., 1982;
Ogino et al., 1985; Eriksson et al., 2005). Previous studies
also show that theta aurora tends to occur only in the sum-
mer hemisphere (Østgaard et al., 2003).
At 00:30 and 01:00UT, the southern lobe on the dawn-
side disappear due to the changing open ﬁeld lines topol-
ogy. The dawnside plasma sheet in the Southern Hemisphere
expands more to the south lobe region. This is consistent
with a poleward retreat of the southern polar cap boundary
at dawn. This is also consistent with previous observations
that the southern theta aurora shifts dawnward as IMF ro-
tates duskward (Ogino et al., 1985). As the duskward com-
ponent of the IMF increases and the northward component
of the IMF decreases, open ﬁeld lines originating from the
Southern Hemisphere (black lines) appear on the dawnside,
thus, the southern lobe at dawn expands in Z-direction. The
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Fig. 12. Cross sectional panel in the Y-Z plane of the plasma pressure at x=−10RE. The newly opened ﬁeld lines are also shown. Black
line indicates those that connect to the Southern Hemisphere and red to the Northern Hemisphere.
plasma sheet changes shape in accordance with the chang-
ing open ﬁeld lines topology. The plasma sheet shrinks in
Z-direction, expand in Y direction. This is consistent with
the displacement of the northern polar cap toward dawn and
the southern polar cap toward dusk. The plasma sheet also
expands gradually in the radial direction when IMF rotates
from northward to duskward (not shown). Previous simula-
tions also showed that the length of the magnetotail become
longer as Bz varies from a ﬁnite positive value to zero (e.g.
Usadi et al., 1993; Song et al., 1999).
4 Summary
This study examines the ﬁeld-aligned current patterns for a
conﬁguration when the IMF rotates from northward toward
duskward with nonzero dipole tilt. The dipole tilt is shown
to have an important effect on the evolution of the FACs pat-
tern in both hemispheres. As IMF rotates from northward
to duskward, the NBZ FACs shift both counterclockwise in
the summer (i.e. south) and winter (i.e. north) hemispheres.
However, in the winter hemisphere the dawnward NBZ FACs
become dominate in the polar cap region on the dayside, thus
prohibiting the duskward NBZ FACs from evolving into the
midday R1 FACs. The midday R1 FACs seems to be an in-
trusion of dawnside R1 FACs. In the summer hemisphere
the duskside NBZ FACs become dominate in the polar cap
on the nightside and the dawnside NBZ FACs can evolve
into the midday R1 FACs after the counterclockwise rota-
tion. The hemispheric asymmetry is caused by the dipole tilt,
which favor more merging between the IMF and the summer
hemisphere. The merging electric ﬁeld maps to the night-
side in the summer hemisphere and the reconnection electric
ﬁeld maps to the dayside in the winter hemisphere. The dif-
ferences in the mapping sites make the NBZ FACs evolve
differently in the Northern and Southern Hemispheres, thus
prohibiting the winter NBZ FACs from evolving into DPY
FACs.
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When mapping the NBZ and DPY FACs into the mag-
netosphere, it is shown that the NBZ currents are located on
both open and closed ﬁeld lines, irrespective of the IMF rota-
tion. The midday R1 FACs and some part of R0 FACs are on
closed ﬁeld lines in the Northern (winter) Hemisphere, while
some part of the midday R1 FACs and all the R0 FACs are
on open ﬁeld lines in the Southern (summer) Hemisphere.
As the IMF rotates from northward to duslward, both po-
lar caps grow in size, with the northern polar cap displac-
ing towards the dawnside and the southern polar cap mov-
ing towards the duskside, exhibiting a local time and hemi-
spheric asymmetry. The polar cap boundary tends to move
equatorward as IMF rotates from northward to duskward, ex-
cept in the Southern Hemisphere, there is a poleward shift of
the polar cap on the dawnside when the clock angle <10◦.
When the IMF is purely northward, the noon-midnight asym-
metry dominates the dawn-dusk asymmetry, which is more
obvious in the summer hemisphere. As IMF By increases
in intensity, the dawn-dusk asymmetry increases while the
noon-midnight asymmetry decreases. And the changes oc-
cur quicker in the summer than in the winter hemisphere.
During purely northward IMF, the hemispheric asymmetry
is most dramatic on the nightside due to the effect of the
dipole tilt. Under these conditions, the hemispheric differ-
ence of the open /closed ﬁeld line boundary reaches 12◦. As
the clock angle>65◦, themidnight polarcaps attainthe same
latitudes in the Northern and Southern Hemispheres. The
twist of the tail plasma sheet in accordance with the open
ﬁeld lines topology can account for the changes of the open-
closed boundaries in both hemispheres.
In summary, we have used the SWMF model as a tool to
simulate the detailed conﬁguration of NBZ and DPY FACs
under varying IMF orientations with nonzero dipole tilt. The
model results are almost consistent with previous observa-
tions and can be regarded as a validation effort to the model.
The model indicates that the dipole tilt has great effects on
the relationship between NBZ and DPY FACs. The physical
mechanism of the phenomena has also been discussed.
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